Purpose: Electronic brachytherapy (eBT) is a form of contact radiation therapy used for thin superficial non-melanomatous skin cancers (NMSCs). An accurate measurement of diameter and depth is important for eBT treatment planning. Therefore, we compared clinical measurements by an experienced physician to measurements obtained using ultrasound (US), an objective imaging modality, in order to determine if clinical measurements were accurate enough for adequate NMSC treatment.
Purpose
There are multiple treatment options for superficial non-melanomatous skin cancers (NMSC) such as surgery, topical chemotherapies, and radiotherapy [1, 2, 3, 4, 5, 6] . The method of treatment assumes an even greater importance when these lesions are located in cosmetically sensitive parts of the body, such as the face, nose, ears, and eyelids.
There are several different radiotherapy techniques that can be used to effectively treat NMSCs. When treatment with conventional megavoltage techniques (electrons or photons) is chosen, a much larger surface area is commonly treated in order to account for electronic equilibrium, patient setup, and penumbra effect. Treatments are usually protracted over many weeks [5, 7, 8] , and in order to ensure adequate dose to the skin, a water-based custom bolus is often utilized. Clinical estimates of lesion depth or a default depth for all lesions, especially for shallow tumors, are commonly used [5, 9, 10] . In such cases, the precise depth of the lesion is not critical because the high-energy beam more than compensates for the uncertainty of depth. Other radiation treatment modalities used for skin cancer include: highdose-rate (HDR) brachytherapy involving molds, flaps, or radionuclide applicators [2, 4, 11, 12, 13, 14, 15] , orthovoltage radiation (40-300 kVp) [16, 17, 18] , both of which have been successfully used to treat skin cancers in 6-30 fractions. Of course, when skin cancer is highly invasive such as in the case of perineural invasion, more sophisticated approaches (CyberKnife) have been used [19] .
Electronic brachytherapy (eBT) has also been shown to be effective for very superficial lesions [20, 21, 22, 23, 24] . The Xoft eBT skin applicators commonly used in practice are available in 4 different sizes (10, 20, 35 , and 50 mm).
These applicators are placed directly in contact with the lesion, thus the name of contact radiotherapy [25, 26] . This technique does not require a radioactive isotope, but uses a similar hypofractionated regimen as other orthovoltage or brachytherapy techniques previously mentioned [7, 20, 25, 26] . Excellent local control of 98.7% and cosmesis of 94.2% at a minimum follow-up of 16.1 months have been reported for NMSC treated with eBT [10] .
Accurate prescription depth and cross sectional measurements of the tumor are necessary for all the various treatment modalities described above, not only to adequately treat the target, but also to prevent unnecessary skin toxicity [27] . Particularly for brachytherapy-based approaches, flaps and molds are used, which have catheters placed 1 cm apart and about 5 mm from the skin surface, so that dwell positions of the radioactive source do not cause overdose to the skin surface, due to high surface doses. When using eBT, however, the maximum prescription depth is usually kept at about < 5 mm as at that level the surface dose is approximately 200% of the depth dose as described in previously published data [20] . Thus, surface applicators such as for the radionuclide technique and eBT can lead to a higher surface dose with an increasing depth [20] . Such high surface dose can lead to skin radionecrosis and/or prolonged healing time. Therefore, for tumors approaching or thicker than 4 mm, perhaps another modality such as conventional photon or electron radiotherapy should be used, especially when they occur in the lower extremities where healing is not optimal due to poor blood perfusion. Previous investigators have used their clinical judgment in determining the diameter and depth of NMSC lesions [5, 9, 10] , but this method can be quite subjective and imprecise.
To our knowledge, there are no publications comparing clinical measurements to US measurements for NMSC treated with eBT. In this study, an objective method to measure pre-treatment NMSCs using US imaging was hypothesized to provide significantly better 3-dimension (3D) measurements, compared to clinical estimates of tumor measurements from physical examination or pathology reports. Here, we report the results of our comparative study.
Material and methods
From December 2013 to April 2015, 19 patients harboring 22 biopsies confirmed NMSCs lesions were treated with definitive eBT (Axxent eBx; Xoft -a subsidiary of iCAD, Inc., Sunnyvale, CA, USA). Eighteen patients with 20 lesions were eligible for this study having both clinical and US measurements available. These skin lesions included biopsy proven basal cell carcinoma (BCC) or squamous cell carcinoma (SCC). Due to limitation of the eBT technique (low energy of 50 kVp), the depth of lesions treated was limited to < 5 mm. In addition, the diameter of the largest applicator available is 50 mm, so the largest diameter dimension of the lesion was limited to 35 mm, if a 7-mm radial margin is included to account for microscopic disease (CTV) and setup uncertainty (PTV). One experienced physician obtained the clinical measurements during physical examination prior to obtaining the US. Then the patient was referred to medical imaging to get an US derived measurement. Radiation oncology and radiology records, referring physician documentation, and hospital records were examined within an accessible electronic medical record. This retrospective study was approved by our institutional review board.
Patient characteristics
Eighteen patients with 20 NMSCs had both a clinical assessment for measurements of lesions by the treating radiation oncologist and an US evaluation with measurements of the lesions prior to commencing eBT. The mean age of these patients was 70 years old. Fifty percent of patients were female. The majority of patients (85%) had BCC. The most common location was the nose (10 lesions), followed by the cheek (3), forehead (2), ear (2), scalp (1), eyebrow (1), and extremities (1). Table 1 summarizes both patient and lesion characteristics. Table 1 . A summary of both patient and lesion characteristics. The maximum value for each measurement is shown for the largest diameter, second largest diameter, and depth 
Diagnosis and measurements
A suspicious skin lesion was first biopsied by a dermatologist. Patients were then referred to radiation oncology for consultation. Physical examination included palpation of the skin lesion for a 3D clinical assessment by the treating radiation oncologist. Patients were then sent for US measurements to obtain the maximal cross sectional diameters and the depth to be used for treatment planning.
Routine US scan was done with a LOGIQ E9 (GE Healthcare, Milwaukee, WI, USA) or S-3000 US units (Acuson; Siemens Medical Solutions, Mountain View, CA, USA) using linear array transducers with upper frequencies of 14 or 18 MHz. US was done with a 15 MHz linear probe or 8-18 MHz hockey stick probe to acquire images in transverse and sagittal planes. The US images were reviewed by an experienced radiologist for 3D measurements of the NMSC lesion. As described previously, for lesions that were not detectable by US, we used a prescription depth of 1 mm depth for eBT [20] . Figure 1 shows an example of US images of a scalp BCC.
Electronic brachytherapy physics
Treatment planning for eBT consists of calculating treatment time T with the following formula: (Ø,0) is the X-ray source output factor at phantom surface for the same applicator, and OF cutout is the cutout factor and equals to unity unless a patient specific shielding is used. Percentage depth dose PDD(Ø,d) is provided by the vendor based on average value of ten X-ray sources with standard deviations of less than 5% at each depth. D . (Ø,0) is calibrated for the X-ray source with each applicator following American Association of Physicists in Medicine task group (AAPM TG) 61 protocol [28] : AAPM protocol for 40-300 kV X-ray beam dosimetry in radiotherapy and radiobiology. The in-air method is used with mini plane parallel plate chamber to calibrate output factor D . (Ø,0) for X-ray source with different applicator size (Ø) combinations at phantom surface at nominal air kerma strength (AKS nominal = 110 000). Before each treatment, treatment time T will be corrected by applying correction factor F, which is the ratio between nominal air kerma strength AKS nominal and pre-treatment air kerma strength AKS pretx . Accurate measurement of size of the tumor (lateral and vertical dimensions) is crucial to determine the applicator size Ø and treatment depth d for treatment planning.
Treatment methods
All patients were treated with a dose of 40 Gy in 10 frac tions given every other day. Patients were followed up approximately 4-6 weeks after completion of eBT by their radiation oncologist with physical examination of the treated area. Patients then had routine follow-up with their dermatologist and radiation oncologist every six months for 2 years and yearly thereafter. Skin toxicity was determined using CTCAE version 4.0.
Statistical analysis
For each measurement (cross-sectional diameters and vertical depth), the number of subjects, mean, standard deviation, minimum, and maximum values were calculated. The paired t-test was used to compare the difference between clinical measurements and ultrasound measurements for the 20 NMSCs. A p-value < 0.05 was considered significant. All analyses were conducted using SAS 9.4 software (Cary, NC, USA).
Results

Comparison of clinical and ultrasound measurements
On clinical examination, the 20 NMSC lesions had a mean largest diameter of 7.55 mm, while for US the mean largest diameter was 5.79 mm (p = 0.24). The second largest (cross-sectional) clinical dimension was also compared against US (mean 6.30 mm vs. 4.02 mm, respectively), showing a statistical significance (p = 0.03). Furthermore, clinical measurements were found to underestimate the depth of the lesion. The mean clinical Table 1 shows the maximum value for each measurement, and Table 2 summarizes mean lesion dimensions. The difference in measurements for lesion diameter dimensions is shown in Figure 2 . The difference in lesion measurements for depth is shown in Figure 3 .
Treatment outcomes
With a median follow-up of 24 months, all patients have had a clinically complete response and long-term cosmetically excellent outcomes with only grade ≤ 1 skin toxicity. No cases of skin radionecrosis or delayed healing have occurred.
Discussion
In our original feasibility paper, we described the use of US for objectively determining the diameter and depth of a pathologically proven NMSC, and the potential clinical applicability of such measurements to guide treatment planning for eBT [20] . Various clinical and imaging modalities for evaluating skin lesions, particularly melanoma, have been used for estimating the size. Dermatoscopy allows for direct magnification and visualization of a lesion providing two dimensional (2D) images from the surface but not depth [29, 30, 31, 32, 33] . Optical coherence tomography (OCT) uses infrared light and time-of-flight information to produce 3D images of < 1 mm from the skin surface [34, 35] . Reflectance confocal microscopy (RCM) is a high cost method that uses backscatter differences for 3D images of lesions 0.5 mm from the skin surface to the papillary dermis [35] . However, only US imaging mo- 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 dality provides 2D and 3D images of deep dermal or subdermal layers by measuring differences in sound impedance [36] , and it is commonly available in many medical centers.
Many radiation oncologists use a default depth or their clinical judgment as the sole means to determine the size of a NMSC, which can be subjective and physician-dependent [5, 9, 10] . However, US imaging provides clinicians an objective tool in estimating the size and depth of a lesion for the purpose of choosing the correct applicator size and prescription depth to be used in eBT planning and treatment. Tumors can extend subcutaneously, which may not be visually obvious or palpable. Therefore, when measurements are chosen on a purely clinical basis, the eBT applicator diameter and the prescription depth may not be adequately covering the full extent of the lesion [20] .
Previously published studies evaluating the use of US for NMSCs have shown US measurement variability of 1/100 th of a millimeter, specifically 0.03-0.05 mm [36, 37] . Based on preoperative assessment of skin tumors and comparisons between US and histopathology for NMSCs, thickness measured by a 14-MHz ultrasonic transducer had a good correlation for BCC (r = 0.690) [38] . Therefore, US compared to the gold standard of pathology showed very good correlation for the lesion's thickness [39] .
Another interesting observation made in this small study is that although the means of the 20 largest diameters were not significantly different between clinical estimates and US-derived measurements, there were extreme differences in some of the individual lesion measurements (Figure 2A ), which could have affected the size of the eBT applicator used. For example, if one considers lesion #15, clinically undetectable after a shave biopsy, this lesion could have been easily treated with a 10-mm applicator. However, on US, the largest diameter measurements of the lesion were actually 5 x 7 mm, thus necessitating a 20 mm applicator to adequately cover and treat with a margin of 7 mm for CTV and PTV. Obviously, the use of the wrong size applicator could translate in under-dosing the tumor, which in turn could lead to a marginal failure. Conversely, the other scenario of clinical estimates being overly generous compared to the US measurements also occurred (see case #14 in Figure 2 ). Finally, in some cases, no identifiable lesion was imaged (cases #8, 11, and 20 in Figure 2) , and in these cases, the clinical measurements reflected the defect of the shave biopsy rather than real tumor. When this situation occurred, we used the clinical measurements as a default. Ultimately, because of differences noted in US derived measurements, changes in applicator size (diameter) were made in about half of the cases. This underscores the importance of relying on an objective technique such as US to estimate the correct maximal lesion diameter, rather than the clinician's tactile expertise.
Furthermore, we feel that it is very important to accurately estimate the depth of a lesion with US in order to avoid overdosing the skin surface, which can lead to soft tissue necrosis, a real risk associated with eBT, especially over the lower extremities [20] . Although the risk of complications is greater when dosing to a depth of 4-5 mm, due to the shallow depth dose deposition of eBT, an US derived measurement allows the radiation oncologist to prescribe to a certain depth with confidence as necessitated by the thickness of the lesion. There is no current consensus on skin dose constraints for eBT. Cuttino et al. showed with HDR breast brachytherapy that skin dose should be within 120% of prescription dose to avoid unacceptable toxicity [40] . However, dose, fractionation, and aim for breast cancer HDR brachytherapy are not comparable to NMSC eBT. Therefore, at this moment, the clinically acceptable skin dose for NMSC eBT remains investigational. However, an accurate depth measurement eliminates "guessing" and minimizes unnecessary overdose on the surface, which can lead to ulceration, infection, poor healing, and possibly necrosis. Indeed, US measurements can be made to a tenth of a millimeter, thus allowing more precision in the depth used for eBT prescriptions.
The limitations of this study include: 1) the small sample size of 20 biopsies proven NMSCs, which may have led to the lack of statistical significance for the largest diameter measurements, and 2) with a median of 24 months, our follow-up is fairly short. However, no local or regional recurrences have occurred, thus far and more importantly no skin necrosis or grade 3 toxicities have been observed in these 18 patients. The significance of this contribution is that it provides radiation practitioners with a simple, low cost technique to treat very superficial lesions with adequate margins and depth of prescription rather than a best guess. No other study, to our knowledge, has described the potential variation between clinical and US measurements for NMSC eBT planning.
The need for an objective measurement of superficial NMSC diameter and depth using standard imaging such as US to eliminate guesswork at the time of prescribing and planning eBT seems to remain debatable in the radiation oncology community. However, since clinical estimates by physicians can vary, especially for depth, we feel that US measurements add to the precision and personalization of the eBT planning process.
Conclusions
The use of US is an objective modality to measure the diameter and depth of NMSC for eBT treatment planning. Depth of lesions, in particular, is important for treatment planning and can be significantly different between clinical and US measurements. With the goal of personalizing eBT treatment of very thin lesions, US can provide accurate measurements to choose the best applicator size and correct depth of prescription, which in turn prevents under-or over-dosing the tumor, and improving the chance of local control and diminishing the risk of toxicity.
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